Introduction
============

Breast cancer is the most commonly diagnosed female cancer, and the second leading cause of cancer-related death in women in the United States with \>232,000 new cases and 40,000 deaths projected in the year 2014.[@b1-pgpm-7-203] Clinical breast cancer subtypes are based on the expression of the hormone receptors (HRs) for estrogen (ER) and progesterone (PR), and overexpression/amplification of the human epidermal growth factor receptor 2 (HER2) (*ERBB2*) proto-oncogenic receptor, tyrosine kinase. Subtype drives the selection of appropriate therapies; HR+ tumors constitute ∼75% of cases and are treated with antiestrogen therapies that block ER transcriptional activity (for example, aromatase inhibitors, tamoxifen, fulvestrant). HER2+ tumors comprise ∼20% of cases, half of which are also HR-positive, and are managed with HER2-targeted agents (for example, trastuzumab, pertuzumab, lapatinib, trastuzumab emtansine). Tumors that lack the expression of ER, PR, and HER2 are termed "triple-negative breast cancers (TNBC)"; they comprise 5%--10% of cases, and are managed only with genotoxic chemotherapy.[@b2-pgpm-7-203] Breast tumors are also molecularly subtyped based on gene expression profiling into luminal A, luminal B, HER2-enriched, basal-like, claudin-low, and normal-like.[@b3-pgpm-7-203]--[@b5-pgpm-7-203] Luminal A and B tumors tend to express ER, and basal and claudin-low tumors are often triple-negative.[@b3-pgpm-7-203],[@b6-pgpm-7-203]

While tumor-targeted agents have been extremely effective in treating HR+ and HER2+ breast cancers, de novo or acquired drug resistance is common and many cancers will recur or progress.[@b7-pgpm-7-203],[@b8-pgpm-7-203] Alternatively, TNBC does not yet have an obvious tumor-specific receptor or pathway to target. Therefore, identifying new drug targets in breast cancer is a high clinical priority, and combining therapeutics to simultaneously target multiple oncogenic signaling pathways may be a key to overcoming/preventing resistance.

Targeting CDK4 and CDK6 in breast cancer
========================================

The role of CDK4/6 in the cell cycle
------------------------------------

Phases of the cell cycle are tightly controlled by oscillating levels of cyclin proteins. In the G1 phase, cells grow and prepare to replicate deoxyribonucleic acid (DNA) in the S phase. In order for a cell to proliferate, it must first satisfy the requirements of restriction checkpoints in G1 before progressing into the S phase. If these checkpoints are not satisfied, the cell exits the cell cycle and enters a quiescent state (G0) and, under some circumstances, senescence (permanent cell cycle arrest). Alternatively, sufficient mitogenic signals will drive the production of cyclin D proteins that can associate with and activate their catalytic partners, cyclin-dependent kinase (CDK)4 or CDK6. CDK4 and CDK6 have overlapping and distinct functions,[@b9-pgpm-7-203] the most characterized of which is phosphorylation of the Rb (*RB1*) tumor suppressor. Once associated with cyclin D, CDK4/6 phosphorylates Rb at Ser~780~ and Ser~795~, resulting in Rb inactivation, thereby releasing E2F transcription factors to initiate the transcription of genes required for DNA replication. Progression through G1 is also limited by the abundance of cyclin-dependent kinase inhibitors (CKIs) such as p16^INK4^ proteins, which block the binding site of cyclin D on CDK4/6, and p27^KIP1^, which has broad specificity for the cyclin/CDK complexes.

Deregulation of the cell cycle in cancer
----------------------------------------

Aberrant cell cycle control is a hallmark of cancer,[@b10-pgpm-7-203] and multiple mechanisms contribute to deregulation of the G1-to-S checkpoint. Mitogen-activated pathways that drive the production of cyclin D1 may be stimulated by aberrant expression of growth factors or growth factor receptors, which can activate cells to produce cyclin D1 in an autocrine manner.[@b11-pgpm-7-203] These pathways may also be constitutively active due to the overexpression of downstream signaling molecules that drive the expression of cyclin D1, such as Ras proteins, which are frequently overexpressed in breast cancer and are associated with poor prognosis.[@b12-pgpm-7-203] Tumor cells have also been shown to frequently manipulate the expression of the cyclin and CDK genes ([Figure 1](#f1-pgpm-7-203){ref-type="fig"}). Many tumors alter the messenger ribonucleic acid (mRNA) and protein levels of key cell cycle regulatory components. For example, cyclin D1 mRNA is overexpressed in over 50% of breast cancers.[@b13-pgpm-7-203] Similarly, overexpression of CDK4/6 or the loss of CKIs is commonly seen in tumors.[@b14-pgpm-7-203] The gene encoding p16^INK4A^ (*CDKN2A*) has more homozygous deletions than any other recessive cancer-related gene.[@b15-pgpm-7-203] It is important to note that deregulation of cell cycle proteins has been shown to differ according to breast cancer subtype. For example, amplification of cyclin D1 (*CCND1*) occurs in a much greater percentage of luminal B breast cancers than in luminal A (58% versus 29%, respectively).[@b16-pgpm-7-203] Similarly, the luminal B subtype is more often associated with a gain of *CDK4* (25% of luminal B versus 14% of luminal A), and a loss of negative regulators including p16^INK4A^.[@b16-pgpm-7-203] In contrast, basal-like breast cancers do not typically display alterations in cyclin D1 or CDK4/6, but 20% of cases harbor mutations or lead to the homozygous loss of *RB1*, indicating that this breast cancer subtype may respond less frequently to treatment with CDK4/6 inhibitors.[@b16-pgpm-7-203] The relationship between cyclin D, CDK4/6, CKIs, and Rb allows cancer cells to gain a proliferative advantage by altering members of this pathway to enhance the inactivation of Rb. Therefore, it is not surprising that deregulation of at least one of these proteins is seen in nearly all human cancers.[@b14-pgpm-7-203],[@b17-pgpm-7-203]

CDK4/6 inhibitors in clinical development
-----------------------------------------

Until recently, nonspecific CDKIs have been the primary mechanism of therapeutically targeting kinases in the cell cycle.[@b18-pgpm-7-203] However, these therapeutics often elicit adverse effects in patients.[@b18-pgpm-7-203] The broad-spectrum CKI, flavopiridol, had promising preclinical results in multiple tumor cell types,[@b19-pgpm-7-203]--[@b21-pgpm-7-203] but it exhibited adverse effects and high toxicity in early-phase clinical trials; furthermore, it did not meet expectations with regard to efficacy against most tumor types with the exception of leukemia.[@b22-pgpm-7-203]--[@b26-pgpm-7-203] To limit toxicity and increase antitumor efficacy, there has been interest in the development of more specific CKIs. CDK4/6 are attractive targets due to their central role in the inactivation of Rb and their frequent deregulation in tumor cells. Palbociclib (PD-0332991) is the first highly selective inhibitor of CDK4/6 to be tested in humans. This drug exhibits an in vitro half maximal inhibitory concentration (IC~50~) of 10--15 nM for CDK4/6, compared to \>5 μM for CDK2.[@b27-pgpm-7-203] Initial studies in cultured cancer cells showed a reduction in Rb phosphorylation within 4 hours of treatment with palbociclib, reaching a maximum at 16 hours posttreatment; Rb inhibition was completely reversed within 2 hours following drug removal.[@b28-pgpm-7-203] When tested against a panel of breast cancer cell lines, palbociclib preferentially inhibited growth of the ER+ cell lines, particularly among those with higher Rb and cyclin D levels, and lower p16^INK4A^ expression.[@b29-pgpm-7-203] Palbociclib treatment also effectively suppressed the growth of ER+ human breast cancer xenografts in mice.[@b30-pgpm-7-203] The only known mechanism of resistance to CDK4/6 inhibition is the loss of Rb function.[@b28-pgpm-7-203]

Despite immense progress in the treatment of ER+ breast cancer with the development of antiestrogens, approximately 50% of breast cancers will develop endocrine resistance and progress on antiestrogen therapies.[@b31-pgpm-7-203] One target gene of ER is cyclin D1 (*CCND1*), and antiestrogens have been shown to inhibit the cell cycle via downregulation of CDK activity and the subsequent phosphorylation of Rb to cause G0/G1 arrest.[@b32-pgpm-7-203]--[@b34-pgpm-7-203] Therefore, it is not surprising that deregulation of cyclin D1 and Rb phosphorylation have been associated with antiestrogen resistance in in vitro and in vivo models.[@b35-pgpm-7-203]--[@b37-pgpm-7-203] Given that tumors progressing on endocrine therapy are likely to have an intact cell cycle program, there is reason to investigate the therapies targeting CDK4/6 in endocrine-resistant tumors. Treatment of luminal ER+ breast cancer cells with palbociclib and tamoxifen elicits a synergistic effect.[@b29-pgpm-7-203] Furthermore, palbociclib treatment was able to partially restore sensitivity to tamoxifen in a tamoxifen-resistant cell line, and it abrogated growth of ER+ cells with acquired resistance to estrogen deprivation.[@b29-pgpm-7-203],[@b30-pgpm-7-203],[@b38-pgpm-7-203] Similarly, another CDK4/6 inhibitor now in clinical development (LEE011) has shown potent antitumor activity in preclinical models, including those resistant to the phosphoinositide 3-kinase (PI3K) inhibitor, BYL719 (described within the PI3K pathway inhibitors as single agents section).[@b39-pgpm-7-203] These promising preclinical data have led to numerous clinical trials of CDK4/6 inhibitors in various types of cancer.

Phase I trials of palbociclib tested different treatment schedules and doses in patients with Rb+ advanced solid tumors or non-Hodgkin's lymphoma that were refractory to standard treatment. For both a 2-week-on, 1-week-off schedule (2:1), and a 3-week-on, 1-week-off schedule (3:1), neutropenia and thrombocytopenia were defined as the dose-limiting toxicities with maximum tolerated doses (MTDs) of 200 mg/day and 125 mg/day, respectively.[@b40-pgpm-7-203],[@b41-pgpm-7-203] With the 2:1 treatment schedule, three of 31 of patients exhibited stable disease for \>10 cycles of treatment.[@b40-pgpm-7-203] Similarly, in the 3:1 treatment group, six of 37 patients maintained disease stabilization for \>10 cycles of treatment; one patient who benefitted from 50 mg/day palbociclib had breast cancer with strong Rb positivity.[@b41-pgpm-7-203] Based on these results, a dose of 125 mg/day and a 3:1 schedule has been further pursued in Phase II trials of palbociclib (NCT01684215, NCT01536743, NCT01709370) ([Table 1](#t1-pgpm-7-203){ref-type="table"}).

Based on the indications that palbociclib may be an effective treatment in combination with antiestrogens, and as a treatment for endocrine-resistant breast cancer, several clinical trials are ongoing to explore these findings in patients. A randomized, placebo-controlled, Phase II study to determine the benefit of adding palbociclib to the aromatase inhibitor, letrozole, as first-line therapy for advanced ER+/HER2− breast cancer in postmenopausal women (NCT00721409) has shown promising results thus far. The median progression-free survival (PFS) of the combination treatment was 26.1 months compared to 7.5 months for letrozole/placebo (hazard ratio=0.32; 95% confidence interval \[CI\]: 0.19--0.56; *P*\<0.001). This study also established clinical benefit rates of 70% and 44% for treatment with letrozole/palbociclib and letrozole/placebo, respectively.[@b42-pgpm-7-203] In attempts to define biomarkers predictive of a response to palbociclib, this study analyzed the amplification of *CCND1* and/or the loss of *CDKN2A* (p16^INK4A^) by fluorescence in situ hybridization. However, these alterations were not predictive of benefit from adding palbociclib, highlighting the difficulty in finding predictive biomarkers in the heterogeneous background of human tumors. The preliminary results of this trial led to palbociclib receiving "breakthrough therapy designation" from the United States Food and Drug Administration in April 2013, which allowed for the accelerated approval of drugs that treat a life-threatening disease and display significant improvement over current therapy. A Phase III trial of the same design (NCT01740427; PALOMA-2), a Phase III study of palbociclib/fulvestrant versus placebo/fulvestrant in patients with ER+/HER2− advanced disease that progressed on an antiestrogen (NCT01942135; PALOMA-3), and a Phase III study of palbociclib/antiestrogen versus placebo/antiestrogen as an adjuvant therapy in patients with early-stage ER+/HER2− disease (NCT01864746; PENELOPE-B) are underway.

Two other CDK4/6 inhibitors (LEE011 and LY2835219) have been tested in dose-finding Phase I studies.[@b43-pgpm-7-203] LEE011 is now being tested in a randomized Phase Ib/II study with the PI3K inhibitor BYL719 and letrozole (NCT01872260), and in a randomized Phase Ib/II study with the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) inhibitor everolimus and the aromatase inhibitor exemestane (NCT01857193), both in patients with advanced ER+/HER2− breast cancer that progressed on an antiestrogen. LEE011 is also being tested with letrozole in a randomized presurgical study in patients with early-stage ER+/HER2− breast cancer to identify molecular changes in tumors and in a Phase III study to determine the efficacy of this combination (NCT01919229; MONALEESA-1, NCT01958021; MONALEESA-2). While palbociclib and LEE011 are being administered in a 3:1 schedule to ameliorate side effects such as neutropenia, LY2835219 is being administered on a continuous schedule with a lower incidence of neutropenia[@b44-pgpm-7-203] in a Phase Ib study in combination with several antiestrogens in patients with advanced ER+/HER2− antiestrogen-resistant disease (NCT02057133). The reason that these agents induce different adverse event profiles is unclear.

Potential of CDK4/6 inhibitors in combination with genotoxic agents
-------------------------------------------------------------------

Traditional chemotherapeutic agents are thought to rely on the cell cycle to induce DNA damage that promotes apoptosis; therefore, the combination of these therapies with cell cycle inhibitors like palbociclib may not be a viable treatment strategy. In vitro data suggest that a concomitant treatment of chemotherapeutics and palbociclib may result in decreased efficacy as compared to single-agent treatments, and in some cases, combination treatment antagonizes chemotherapy-induced cell death.[@b45-pgpm-7-203]--[@b47-pgpm-7-203] Palbociclib also antagonized mitotic catastrophe and subsequent cell death associated with paclitaxel, a microtubule-stabilizing agent.[@b46-pgpm-7-203]

Although palbociclib does not appear to enhance tumor killing in combination with chemotherapeutics, there is potential in using CDK4/6 inhibitors transiently to synchronize cells before treating them with genotoxic agents to enhance the cytotoxic effect. Short-term treatment with palbociclib before or concurrent with paclitaxel suppressed cell growth more effectively than single agents or continuous treatment with both agents.[@b46-pgpm-7-203] A Phase I clinical study is ongoing to determine the MTD of palbociclib in combination with paclitaxel in patients with Rb+ advanced breast cancer (NCT01320592).

Targeting the PI3K/AKT/mTOR pathway in breast cancer
====================================================

Pathway deregulation in breast cancer
-------------------------------------

PI3K/AKT/mTOR signaling regulates multiple cellular processes to promote cancer cell growth, survival, and metastasis.[@b48-pgpm-7-203]--[@b50-pgpm-7-203] This is the most frequently aberrantly activated pathway in human breast cancer, with alterations in genes encoding the pathway components occurring in \>80% of cases ([Figure 1](#f1-pgpm-7-203){ref-type="fig"}).[@b51-pgpm-7-203] The deregulation of class 1A PI3K signaling has also been associated with the development of resistance to a variety of cancer therapies, including antiestrogens, trastuzumab, radiation, and chemotherapy.[@b52-pgpm-7-203]--[@b54-pgpm-7-203] However, mechanisms of PI3K pathway activation differ between breast cancer subtypes. Activating mutations in *PIK3CA* occur more frequently in luminal A, luminal B, and HER2+ breast cancers (45%, 29%, and 39%, respectively) as compared to basal-like breast cancers (9%).[@b16-pgpm-7-203] In contrast, phosphatase and tensin homolog (PTEN) expression is decreased in 67% of TNBCs, compared with 29%--44% in ER+ tumors and 22% in HER2+ tumors.[@b55-pgpm-7-203]--[@b58-pgpm-7-203] The high frequency of PI3K pathway alteration in human breast tumors makes this pathway a promising target for therapeutics, and inhibitors of PI3K, AKT, and/or mTOR are in clinical development.

PI3K pathway inhibitors as single agents
----------------------------------------

PI3K inhibitors have exhibited clinical activity against advanced solid tumors and metastatic breast cancers.[@b59-pgpm-7-203],[@b60-pgpm-7-203] A Phase I study of the pan-PI3K inhibitor, BKM120, in patients with metastatic breast cancer reported partial responses and stable disease in 11% and 50% of patients, respectively.[@b61-pgpm-7-203] A Phase II trial is ongoing to investigate BKM120 for the treatment of metastatic TNBC (NCT01629615). Preliminary results of a first-in-human Phase I trial testing the PI3K/p110α isoform-specific inhibitor, BYL719, in advanced solid tumors that harbor activating mutations in p110α (*PIK3CA*) (NCT01219699) suggest a favorable safety profile and an MTD of 400 mg/day. Partial responses were observed in seven of 39 patients, including two with ER+ breast cancer. At a dose of 270 mg/day, the median PFS for 15 patients with ER+/HER2− metastatic breast cancer was 5.5 months.[@b62-pgpm-7-203] While the presence of *PIK3CA* mutations or PTEN loss is predictive of a response to PI3K and AKT inhibitors in cell lines,[@b63-pgpm-7-203]--[@b67-pgpm-7-203] it remains to be determined whether these biomarkers remain predictive in human breast cancers.[@b59-pgpm-7-203],[@b68-pgpm-7-203],[@b69-pgpm-7-203] Phase I trials are ongoing to investigate BYL719 in combination with endocrine therapies including letrozole and exemestane in HR+ metastatic breast cancer (NCT01870505, NCT01791478).

The allosteric mTORC1 inhibitor, everolimus, also showed efficacy as a single agent in a Phase II placebo-controlled study in breast cancer patients with bone metastases. This study reported improved time-to-progression from 12.6 weeks in the placebo arm to 37 weeks in the everolimus arm (HR =0.464; 95% CI: 0.226--0.954; *P*=0.037, adjusted for endocrine therapy).[@b70-pgpm-7-203] Another Phase II trial is ongoing to test the benefit of everolimus after preoperative chemotherapy in patients with invasive breast cancer (NCT01088893).

PI3K pathway inhibitors for the treatment of ER+ breast cancer
--------------------------------------------------------------

There is ample evidence that HR+ tumors resistant to endocrine therapy exhibit increased PI3K/AKT/mTOR signaling.[@b51-pgpm-7-203],[@b53-pgpm-7-203],[@b63-pgpm-7-203] Accordingly, treatment of endocrine-resistant cell lines and xenografts with inhibitors of PI3K, AKT, and/or mTOR abrogates endocrine resistance.[@b63-pgpm-7-203],[@b71-pgpm-7-203]--[@b74-pgpm-7-203] Therefore, treatment with inhibitors of the PI3K/ATK/mTOR pathway in combination with endocrine therapies may prevent an escape from endocrine dependence in these tumors, and restore sensitivity to endocrine agents in breast cancer.

The first PI3K/AKT/mTOR pathway-targeted therapeutic to enter routine clinical use for cancer is everolimus. A randomized Phase II trial investigating the clinical benefit of everolimus in combination with tamoxifen versus tamoxifen/placebo in patients with ER+/HER2− metastatic disease that had prior exposure to aromatase inhibitors reported an improved 6-month clinical benefit rate (61% versus 42%, exploratory *P*=0.045) and time-to-progression (8.6 months versus 4.5 months, exploratory *P*=0.002) in the combination arm compared to tamoxifen/placebo, corresponding to a reduction in the risk of progression (46% decrease) and the risk of death (55% decrease) with combination treatment.[@b75-pgpm-7-203] Similarly, the randomized Phase III Breast Cancer Trials of Oral Everolimus-2 (BOLERO-2) trial[@b76-pgpm-7-203] led to the approval of everolimus in combination with exemestane for the treatment of ER+/HER2− postmenopausal breast cancer patients with the disease that progressed during treatment with a nonsteroidal aromatase inhibitor. BOLERO-2 reported a median PFS of 11.0 months and 4.1 months for the combination treatment and exemestane/placebo, respectively (HR =0.38; 95% CI: 0.31--0.48; log-ranked *P*\<0.0001).[@b76-pgpm-7-203] Sequencing of 182 genes to identify a lesion or lesions predictive of benefit from exemestane/everolimus did not reveal an obvious single biomarker, but patients with tumors harboring minimal combined lesions in *PIK3CA*, *PTEN*, *CCND1*, *FGFR1*, and *FGFR2* derived greater benefit from the combination (HR =0.27).[@b77-pgpm-7-203] The benefit of continued endocrine therapy (with exemestane) is being tested in an ongoing randomized Phase III trial of everolimus alone versus everolimus/exemestane versus capecitabine in the same patient population (NCT01783444).

Preclinical and clinical data indicate that mTORC1 inhibition (for example, with everolimus) derepresses negative feedback that results in the upregulation of growth factor receptor, PI3K/AKT, and MEK/ERK signaling.[@b78-pgpm-7-203]--[@b80-pgpm-7-203] Thus, targeting signaling nodes upstream of mTORC1 may be more effective. A Phase Ib/II trial testing the PI3K inhibitor, BKM120, with letrozole in patients with ER+/HER2− metastatic breast cancer is ongoing.[@b81-pgpm-7-203] Early results suggest that this drug combination is active with a tolerable safety profile. Unexpectedly, the mutation status of *PIK3CA* did not correlate with clinical benefit.[@b81-pgpm-7-203] BKM120 is being tested in Phase II and III trials in combination with fulvestrant in postmenopausal women with ER+/HER2− advanced disease with cancer that progressed on an aromatase inhibitor with or without an mTORC1 inhibitor (NCT01339442, NCT01610284 \[BELLE-2\], NCT01633060 \[BELLE-3\]). Similarly, the pan-PI3K inhibitor GDC-0941 and the PI3K/mTOR dual inhibitor GDC-0980 are being tested with fulvestrant in a randomized Phase II placebo-controlled study in patients with advanced disease resistant to aromatase inhibitors (NCT01437566). In addition, a Phase I trial is testing the efficacy of the AKT inhibitor, MK2206, in combination with anastrozole or fulvestrant, or with anastrozole plus fulvestrant in patients with metastatic ER+ disease (NCT01344031).

Targeting the PI3K pathway in HER2+ breast cancer
-------------------------------------------------

Activation of PI3K/AKT/mTOR signaling via a *PIK3CA* mutation in HER2+ breast cancer has been associated with resistance to trastuzumab and lapatinib, while the effects of PTEN loss remain controversial.[@b82-pgpm-7-203]--[@b86-pgpm-7-203] In preclinical models, everolimus plus trastuzumab had greater antitumor effects than either treatment alone.[@b78-pgpm-7-203] Similarly, BKM120 was shown to synergize with trastuzumab in HER2+ breast cancer cell lines, and treatment with BKM120 partially restored sensitivity to trastuzumab in trastuzumab-resistant HER2+ xenografts.[@b87-pgpm-7-203] Recently, a Phase I/II trial[@b88-pgpm-7-203] was completed for patients with advanced HER2+ trastuzumab-resistant disease, showing that combined treatment with BKM120 and trastuzumab was well tolerated and elicited clinical benefit in 25% of patients. These results were comparable to those of a prior study[@b89-pgpm-7-203] examining the combination of everolimus and trastuzumab in a similar patient population, which reported a 35% rate of clinical benefit. Based on these encouraging results, a Phase II placebo-controlled trial is ongoing to evaluate the efficacy of BKM120 in combination with paclitaxel and trastuzumab in the neoadjuvant setting in patients with early-stage HER2+ breast cancer (NCT01816594, NeoPHOEBE). BKM120 is also being tested in combination with lapatinib in patients with advanced trastuzumab-resistant HER2+ breast cancer harboring lesions in *PIK3CA* or PTEN (NCT01589861, PIKHER2).

PI3K inhibitors in combination with genotoxic agents
----------------------------------------------------

Activation of PI3K/AKT signaling has been associated with resistance to DNA-damaging chemotherapeutics in vitro and in vivo,[@b90-pgpm-7-203] and several clinical trials are ongoing to explore the potential of combining PI3K inhibitors and genotoxic agents to prevent resistance. The benefit of BKM120 and paclitaxel as a first-line treatment for HER2-negative advanced breast cancer is being investigated in an ongoing placebo-controlled Phase II trial (NCT01572727). Similarly, GDC-0941 is being tested in combination with paclitaxel in a Phase II randomized study in patients with advanced disease (NCT01740336).

Inhibiting IGF-1R/InsR signaling in breast cancer
-------------------------------------------------

Treatment with antiestrogens and HER2-blocking agents has not only been shown to result in compensatory upregulation of PI3K/AKT/mTOR signaling; upstream receptor tyrosine kinases including insulin-like growth factor (IGF)-1 receptor (IGF-1R) are congruently upregulated.[@b63-pgpm-7-203],[@b91-pgpm-7-203],[@b92-pgpm-7-203] Furthermore, IGF-1R was found to be expressed in ∼90% of breast cancers and associated with worse prognosis in ER+ breast cancer patients.[@b93-pgpm-7-203]--[@b95-pgpm-7-203] As IGF-1R is a potent driver of PI3K signaling, preclinical and clinical studies explored the efficacy of IGF-1R-targeted agents in ER+ breast cancer. IGF-1R is highly homologous to the insulin receptor (InsR), and these proteins form homo- and heterodimers that confer ligand preferences for IGF-1 or insulin. Adenosine triphosphate (ATP)-competitive inhibitors target both receptors, while IGF-1R and IGF-1 (ligand-specific) antibodies are protein-specific. In ER+ models, treatment with an ATP-competitive IGF-1R/InsR inhibitor abrogated endocrine-resistant cell and tumor growth, while an IGF-1R antibody was less effective.[@b96-pgpm-7-203] Such effects are likely due, in part, to compensatory upregulation of InsR when IGF-1R is targeted.

A recent Phase I trial of everolimus combined with the monoclonal IGF-1R antibody, figitumumab, showed stable disease in 15 of 18 patients with advanced solid tumors, and partial response in one patient.[@b97-pgpm-7-203] Inhibition of PI3K signaling with BYL719 was shown to activate IGF-1R signaling in *PI3KCA*-mutant breast cancer cells and a xenograft model, while cotreatment of BYL719 and the IGF-1R antibody, ganitumab, induced tumor regression.[@b98-pgpm-7-203] A Phase Ib/II trial is ongoing to study the same drug combination in patients with *PI3KCA*-mutant breast cancers (NCT01708161).

There is extensive crosstalk between ER and IGF-1R signaling, and preclinical studies show that targeting both pathways may be beneficial.[@b99-pgpm-7-203],[@b100-pgpm-7-203] However, a Phase II placebo-controlled study[@b101-pgpm-7-203] testing the IGF-1R monoclonal antibody ganitumab (AMG-479) with exemestane or fulvestrant in postmenopausal women with HR+ metastatic disease did not result in improved PFS and negatively impacted overall survival. Likewise, the ATP-competitive IGF-1R/InsR inhibitor, OSI-906, demonstrated preclinical efficacy in tumor models[@b96-pgpm-7-203] and was being tested in a Phase II trial with letrozole ± the epidermal growth factor receptor inhibitor, erlotinib, in patients with ER+ metastatic breast cancer; however, this trial was terminated due to unacceptable toxicity and a lack of efficacy (NCT01205685). While initial trials of IGF-1R and IGF-1R/InsR inhibitors in ER+ disease have been disappointing, further study is necessary to determine the molecular markers that may predict benefit.

In vitro studies have demonstrated that IGF-1 plays a role in the development of resistance to chemotherapy in breast cancer.[@b102-pgpm-7-203],[@b103-pgpm-7-203] A Phase I trial of figitumumab in patients with advanced solid tumors showed clinical benefit, with ten of 15 patients experiencing stable disease at the maximum feasible dose of 20 mg/kg.[@b104-pgpm-7-203] A Phase II trial in small cell lung cancer showed that figitumumab significantly improved response to carboplatin and paclitaxel.[@b105-pgpm-7-203] While these results are promising, further study in breast cancer is needed to determine the best sequencing of IGF-1R inhibitors with chemotherapy to result in maximal tumor response.

IGF-1R signaling has been associated with resistance to HER2-targeted agents in preclinical studies.[@b92-pgpm-7-203],[@b100-pgpm-7-203],[@b102-pgpm-7-203],[@b106-pgpm-7-203] In vitro data have shown that the combination of trastuzumab and an anti-IGF1R antibody increases cytotoxicity compared to trastuzumab alone in breast cancer.[@b106-pgpm-7-203] A Phase II trial investigating the addition of the IGF-1R antibody, cixutumumab, to lapatinib and capecitabine in HER2+ breast cancer patients is ongoing (NCT00684983).

An alternative approach to inhibiting IGF-1R is the depletion of a ligand. BI 836845 is an antibody that binds and sequesters IGF-1 and IGF-2.[@b107-pgpm-7-203] This antibody is undergoing Phase I testing (NCT01403974, NCT02123823).

Anticancer effects of bone resorption inhibitors
================================================

Bone is a frequent site of metastasis in breast cancer patients. The bone microenvironment is enriched with growth factors to support cancer cell growth. Osteoclast-induced bone resorption leads to the increased release of growth factors, further enhancing proliferation and survival of cancer cells. Furthermore, breast cancer cells secrete growth factors and cytokines that contribute to osteoclast activity and inhibit osteoblast function, thereby maintaining a feed-forward cycle of bone resorption and cancer growth.[@b108-pgpm-7-203] Bisphosphonates potently inhibit osteoclast-mediated bone resorption, and these compounds have been used clinically to prevent complications related to bone metastasis. More recently, these compounds have been adopted as treatments to prevent bone loss associated with chemotherapy or endocrine therapy in breast cancer patients.[@b109-pgpm-7-203]--[@b111-pgpm-7-203]

Preclinical studies revealed that bisphosphonates have antitumor activity and prevent metastasis by inhibiting tumor cell invasion and promoting apoptosis.[@b112-pgpm-7-203]--[@b116-pgpm-7-203] These observations prompted clinical investigations of bone resorption inhibitors as anticancer agents, which have produced mixed results. Clinical trials examining the bisphosphonate, zoledronic acid, showed improvements in disease-free and overall survival compared to standard therapy alone, both in chemotherapy and endocrine therapy combinations. However, the observed survival benefit was restricted to postmenopausal women, or premenopausal women who had suppressed estrogen levels due to treatment with aromatase inhibitors or ovarian suppression.[@b117-pgpm-7-203] Clinical trials investigating denosumab, an antibody against the osteoclast activator RANK ligand (RANKL), in the prevention of metastasis are ongoing (NCT00556374, NCT01077154).

Inhibiting PARP in triple-negative breast cancer
================================================

TNBCs are more aggressive and result in a worse prognosis when compared to other breast cancer subtypes.[@b118-pgpm-7-203],[@b119-pgpm-7-203] TNBCs are a heterogeneous subtype, and a single oncogenic driver has not been identified; therefore, tumor-targeted therapeutics are lacking. Poly(adenosine diphosphate--ribose) polymerase (PARP) is involved in the recognition and repair of DNA breaks, and PARP works in concert with other proteins including BRCA1 and BRCA2 to repair DNA damage. If DNA is irreparably damaged (for example, with genotoxic drugs), a cell will be forced to undergo apoptosis rather than replicate damaged DNA.[@b120-pgpm-7-203] Preclinical data demonstrate that deficiency in *BRCA1*/*2* or other homologous recombination DNA repair proteins sensitizes cells to PARP inhibition.[@b121-pgpm-7-203] Therefore, as single agents, PARP inhibitors are likely to be more effective against tumors carrying mutations in genes encoding proteins involved in compensatory DNA repair mechanisms, such as *BRCA1*/*2,* as these mutations essentially prime the cells for DNA damage-induced apoptosis.[@b122-pgpm-7-203],[@b123-pgpm-7-203]

There are two primary mechanisms of action of PARP inhibitors: catalytic PARP inhibition; and PARP--DNA trapping, where drugs trap PARP1 and PARP2 on single-stranded DNA breaks. Veliparib acts as a strong catalytic PARP inhibitor with a weak PARP--DNA trapping effect, while niraparib, olaparib, and rucaparib act through both mechanisms.[@b124-pgpm-7-203],[@b125-pgpm-7-203]

A Phase I trial[@b126-pgpm-7-203] in breast cancer patients with germline *BRCA1/2* mutations showed that the PARP inhibitor, olaparib, was effective as a monotherapy, achieving objective responses in 41% of patients. TNBCs have a gene expression signature similar to that of BRCA-deficient tumors.[@b127-pgpm-7-203] Furthermore, TNBCs frequently arise in carriers of *BRCA1* mutations.[@b127-pgpm-7-203] It is therefore reasonable to suggest treating TNBC with PARP inhibitors in combination with genotoxic therapy to activate a synthetic lethal interaction of both PARP and BRCA deficiency in cancer cells.

In a recent Phase I trial[@b128-pgpm-7-203] of olaparib in combination with paclitaxel for metastatic TNBC, 37% of patients exhibited a partial response; however, this study was relatively small (n=19) and did not characterize the *BRCA1/2* mutation status of patients. Rucaparib was well tolerated in a Phase I dose-escalation study[@b129-pgpm-7-203] in patients with advanced solid tumors; among 17 breast cancer patients, one *BRCA1/2-*mutant patient achieved a partial response, and four patients achieved stable disease for greater than 12 weeks. An exploratory analysis of *BRCA1/2* mutation status in a Phase II study of veliparib in combination with temozolomide in metastatic TNBC reported a median PFS of 5.5 months in patients with known deleterious *BRCA1/2* mutations versus 1.8 months in patients without these mutations.[@b130-pgpm-7-203] Thus, stratification based on *BRCA1/2* status may be a useful biomarker to predict the response to PARP inhibitors. Clinical trials are investigating the use of PARP inhibitors in combination with genotoxic therapies in patients with *BRCA1/2* mutations (NCT00494234, NCT01989546, NCT01074970, NCT01945775).

Histone deacetylase inhibitors for breast cancer
================================================

Preclinical studies have demonstrated that histone deacetylases (HDACs) modulate ER activity, and HDAC inhibitors reverse resistance to antiestrogen therapies in vitro.[@b131-pgpm-7-203]--[@b133-pgpm-7-203] A Phase II trial[@b134-pgpm-7-203] in patients with advanced ER+ breast cancer resistant to aromatase inhibition reported that the HDAC inhibitor, entinostat, combined with exemestane improved PFS from 2.3 months to 4.3 months (HR =0.73; 95% CI: 0.50--1.07; *P*=0.055) and the median overall survival from 19.8 months to 28.1 months compared with exemestane/placebo (HR =0.59; 95% CI: 0.36--0.97; *P*=0.036). Similarly, Munster et al[@b135-pgpm-7-203] found in a Phase II trial in patients with ER+ endocrine-resistant metastatic disease that the combination of the HDAC inhibitor vorinostat and tamoxifen induced an objective response rate of 19%, a clinical benefit rate of 40%, and a median response duration of 10.3 months. A Phase II trial is ongoing in patients with chemotherapy-resistant advanced TNBC or ER+ disease to investigate combination treatment with entinostat and the DNA methyltransferase inhibitor, azacitidine (NCT01349959). Preliminary results of a Phase I trial[@b136-pgpm-7-203] in patients with trastuzumab-resistant HER2+ metastatic disease indicate that the HDAC inhibitor, panobinostat, with trastuzumab is well tolerated and shows promising antitumor activity, with two of 13 patients experiencing tumor reduction thus far (NCT00567879).

Targeting Src kinases in breast cancer
======================================

The Src family of nonreceptor tyrosine kinases is involved in a variety of functions (for example, proliferation, motility, and invasion) through its interaction with mediators including steroid HRs, integrins, G protein-coupled receptors, signal transducer and activator of transcription (STAT) family members, and several other receptors and intracellular proteins that may contributed to the malignant phenotype observed in cancer cells (as reviewed by Frame[@b137-pgpm-7-203]). Gene expression profiling of primary and metastatic breast tumors indicates that a gene expression signature of Src pathway activation in the primary tumor is strongly predictive of bone metastasis,[@b138-pgpm-7-203] and high Src mRNA expression is correlated with decreased survival, making Src a potential target for therapeutic interventions.[@b139-pgpm-7-203]--[@b141-pgpm-7-203] As a single agent, the antitumor activity of Src inhibitors has been disappointing in clinical trials for advanced breast cancer.[@b142-pgpm-7-203],[@b143-pgpm-7-203] However, in vitro studies have shown that Src inhibitors in combination with chemotherapy or endocrine therapy may enhance tumor cell death.[@b144-pgpm-7-203] In a Phase I trial,[@b145-pgpm-7-203] combination of the Src inhibitor dasatinib with paclitaxel in patients with metastatic breast cancer resulted in partial responses in four of 13 patients. Another Phase I trial[@b146-pgpm-7-203] reported that six of 25 advanced breast cancer patients exhibited partial responses, and 32% had stable disease following combination treatment with dasatinib plus capecitabine. The results of a randomized Phase II trial[@b147-pgpm-7-203] of dasatinib plus letrozole in HR+, HER2− postmenopausal metastatic breast cancer patients showed that the combination group had doubled PFS compared to the letrozole/placebo group (20.1 months versus 9.9 months, respectively; *P*=0.05). A Phase II trial[@b148-pgpm-7-203] investigating dasatinib plus exemestane compared with exemestane/placebo in advanced ER+ breast cancer patients that had progressed on an aromatase inhibitor reported a modest improvement in median PFS in the combination group (18.1 weeks with dasatinib/exemestane versus 16.1 weeks with exemestane/placebo; *P*=0.148), and the proportion of patients with clinical benefit was 30.6% in the combination group compared to 12.24% with exemestane/placebo. Overall, these findings support the use of Src inhibitors with chemotherapeutics and endocrine therapies to more effectively treat advanced breast cancers.

Targeting the JAK/STAT pathway in breast cancer
===============================================

Janus kinases (JAKs) are mediators of cytokine and growth hormone signaling. Activated JAKs phosphorylate STAT proteins, leading to their nuclear translocation and the transcriptional regulation of genes that regulate cell proliferation, differentiation, and apoptosis.[@b149-pgpm-7-203],[@b150-pgpm-7-203] Mutations in JAK and STAT proteins have been extensively characterized in myeloproliferative disorders, and these mutations have been linked to hyperactivation of the JAK/STAT pathway and, consequently, unchecked cell proliferation.[@b151-pgpm-7-203] Comparable mutations have not been well studied in breast cancer. However STAT1, STAT3, and STAT5 are often constitutively phosphorylated, seemingly due to elevated levels of cytokines and receptors.[@b152-pgpm-7-203] Preclinical studies showed that the interleukin-6/JAK2/STAT3 pathway is preferentially activated in basal-like breast cancer cells, and inhibition of JAK2 with NBP-BSK805 hinders the growth of patient-derived breast tumor xenografts.[@b153-pgpm-7-203] There is also evidence supporting JAK2/STAT5 inhibitors as a means to overcome resistance to PI3K/mTOR inhibition in TNBC.[@b154-pgpm-7-203]

The JAK1/JAK2 inhibitor, ruxolitinib, is approved for the treatment of myelofibrosis, and it is currently being tested as a single agent and in combination with paclitaxel in Phase II trials for inflammatory breast cancer and TNBC (NCT01562873, NCT02041429), and in advanced ER+ breast cancer in combination with exemestane (NCT01594216). A randomized, double-blind, placebo-controlled Phase II trial is also underway to investigate ruxolitinib in combination with capecitabine in metastatic breast cancer (NCT02120417). In patients with metastatic HER2+ breast cancer, an ongoing Phase II trial is testing ruxolitinib with trastuzumab (NCT02066532).

Conclusion
==========

The high incidence of recurrence and progression on standard therapies highlights the importance of developing new therapeutics for breast cancer. Deregulation of the cyclin D--CDK4/6--Rb axis is frequently seen in antiestrogen-resistant tumors. Therefore, inhibitors of this pathway, including palbociclib, LEE011, and LY2835219, are promising as effective treatments for endocrine-resistant breast cancer. Activation of the PI3K/AKT/mTOR pathway has also been shown to promote drug resistance. The PI3K and mTOR inhibitors in clinical development have shown efficacy as single agents and in combination with antiestrogens or HER2-targeted agents. The search for a targeted therapeutic to treat TNBC has led to the development of PARP inhibitors, which appear to be considerably effective in a subgroup of TNBC patients harboring mutations in *BRCA1/2*. However, the TNBC subtype is heterogeneous, so further identification of targeted therapies for this group is needed. Immense progress has been made in identifying new targets in breast cancer, and future advances in therapy will likely include simultaneous or sequential targeting of multiple pathways to maximally inhibit tumor growth while thwarting the development of drug resistance.
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**Notes:** The percentages of tumors exhibiting mutations, amplifications, or homozygous deletions of genes in the PI3K/AKT/mTOR and CDK4/6 pathways are indicated. Data from the TCGA dataset containing molecular subtyping data of 515 breast tumors[@b16-pgpm-7-203] were extracted and used to generate an oncoprint plot using the cBio Cancer Genomics Portal.[@b155-pgpm-7-203],[@b156-pgpm-7-203] The results published here are in whole or part based upon data generated by the TCGA Research Network (<http://cancergenome.nih.gov/>).\
**Abbreviations:** HER2, human epidermal growth factor receptor 2; C-L, claudin-low; PI3K, phosphoinositide 3-kinase; EGFR, epidermal growth factor receptor; IGF-1R, insulin-like growth factor-1 receptor; InsR, insulin receptor; CDK, cyclin-dependent kinase; CCND, cyclin D; mTOR, mammalian target of rapamycin; TCGA, The Cancer Genome Atlas; PTEN, phosphatase and tensin homolog.](pgpm-7-203Fig1){#f1-pgpm-7-203}
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Clinical development status of targeted therapeutics in breast cancer

  Drug                       Target and class               Phase of development
  -------------------------- ------------------------------ ----------------------
  Flavopiridol               Broad-spectrum CDK inhibitor   I
  Palbociclib (PD-0332991)   CDK4/6 inhibitor               III
  LEE-011                    CDK4/6 inhibitor               III
  LY2835219                  CDK4/6 inhibitor               I
  Buparlisib (BKM120)        Pan-PI3K inhibitor             III
  BYL719                     PI3K/p110α inhibitor           II
  INK1117                    PI3K/p110α inhibitor           I
  Everolimus (RAD001)        mTORC1 inhibitor               III
  GDC-0941                   Pan-PI3K inhibitor             II
  GDC-0980                   PI3K/mTOR dual inhibitor       II
  MK2206                     AKT inhibitor                  II
  Figitumumab                IGF-1R monoclonal antibody     II
  Ganitumab                  IGF-1R monoclonal antibody     II
  OSI-906                    IGF-1R/InsR inhibitor          II
  Cixutumumab                IGF-1R monoclonal antibody     II
  BI 836845                  IGF-1 neutralizing antibody    I
  Denosumab                  RANKL antibody                 III
  Zoledronic acid            Bone resorption inhibitor      III
  Olaparib (AZD2281)         PARP inhibitor                 III
  Rucaparib                  PARP inhibitor                 II
  Veliparib                  PARP inhibitor                 II
  Niraparib                  PARP inhibitor                 III
  Entinostat                 HDAC inhibitor                 III
  Vorinostat                 HDAC inhibitor                 II
  Panobinostat               HDAC inhibitor                 II
  Dasatinib                  Src inhibitor                  II
  Ruxolitinib                JAK1/2 inhibitor               II

**Abbreviations:** CDK, cyclin-dependent kinase; PI3K, phosphoinositide 3-kinase; mTORC1, mammalian target of rapamycin complex 1; mTOR, mammalian target of rapamycin; IGF-1R, insulin-like growth factor-1 receptor; InsR, insulin receptor; IGF-1, insulin-like growth factor-1; RANKL, receptor activator of nuclear factor kappa-B ligand; PARP, poly(adenosine diphosphate--ribose) polymerase; HDAC, histone deacetylases; JAK, Janus kinase.
